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[57] ABSTRACT

Disclosed are methods and apparatus for the electro-
myographic detection of electrical fields inherent In
muscular activity, for the diagnosis of labor in a preg-
nant mammal. The apparatus includes a system (10) for
determining a periodicity, and for measuring a magni-
tude and a direction of movement, of the electrical
signal in an abdominal region, and for processing the
signal to indicate normal and abnormal labor condi-
tions, the onset of true labor, and the extent of cervical
dilation. A Labor Onset processor (16e) determines the
onset of true labor. A Vector Determination processor
(16b) determines a uterine contraction vector having a
propagation rate component and a direction compo-
nent, relative to a plurality of measurement electrodes.
The positions of the measurement electrodes are refer-
enced to-a coordinate system and are specified to the
system through a data entry device (20). A display (18a,
18b) provides a visual or audible indication of labor
diagnostic information, the diagnostic information
being expressed in a number of formats. The invention
also provides for remotely monitoring a pregnant mam-
mal through the use of a communications link (32).

42 Claims, 18 Drawing Sheets
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1

APPARATUS AND METHOD FOR THE
DIAGNOSIS OF LABOR

FIELD OF THE INVENTION

This invention relates generally to medical and veter-
mary instrumentation and, in particular, to medical and
veterinary instrumentation for use in monitoring labor.

BACKGROUND OF THE INVENTION

A well known method of monitoring the progress of
labor in a pregnant woman utilizes the hands of a medi-
cal practitioner to palpate the abdomen to assess both
the strength of a uterine contraction, and the progres-

sion of the contraction down the uterus, it being known

that a “normal” uterine contraction during true labor
originates at the fundus of the uterus and propagates
towards the cervix. Of equal importance is the patient’s
own evaluation as to the progress of her labor. In addi-
tion, the extent of cervical dilation is estimated via an
mtra-vaginal examination. However, the accuracy of
these manual methods of monitoring the progress of
labor are directly related to the skill of the examiner.
Furthermore, these conventional techniques are non-
continuous, uncomfortable for the patient, and, for any
mvasive procedure, pose a risk of infection.

With the advent of medical electronics, instrumenta-
tion has taken over many of these functions. Instrumen-
tation can be automated, operated continuously, will
not tire, and can, thereby, relieve the practitioner. How-
ever, the use of conventional instrumentation presents
several problems.

For example, the present technology employed for
measuring uterine contractions does not yield data of
significant diagnostic value. The conventional contrac-
tion monitors that are known to the inventor are primar-
ily used to detect fetal distress, by correlating the data
from a uterine contraction monitor with the fetal heart
rate. However, since these monitors typically obtain
data at only one location on the uterus, they do not
yield information as to the progression of the uterine
contraction. As a result, conventional monitors yield no
data as to the status of the uterine muscle itself.

There are two types of contraction monitors in gen-
eral use today: external monitors and internal monitors.
The drawbacks of both are described below.

Typically, the external monitor consists of a strain
gauge attached with a strap to the patient’s abdomen.
The gauge generates qualitative data on the strength of

the uterine contractions. However, absolute pressure 50

cannot be measured by this method, since it does not
directly measure the internal pressure of the uterus.
~ Also, external monitors are uncomfortable for the
patient. If the patient does not lie perfectly still (which
is often difficult for a woman in labor), the data is
flawed by artifacts. Patients must also lie flat on their
backs, thereby allowing the weight of the uterus to
possibly compress the ascending vena cava (the vein
which returns the blood to the heart from the lower
body), thereby compromising both the maternal and
fetal circulation, with possible deleterious results for
both. |

‘The mternal monitor measures the pressure exerted
by the uterus on an intra-uterine pressure transducer.
This method can yield semi-quantitative data regarding
the contractions in terms of pressure.

However, this method can only be used if the cervix
ts dilated and the membranes have ruptured. As a conse-
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quence, it can only be used in a hospital setting, with
patients in active labor. This method carries with it the
risk of infection, since the transducer must pass through
the bacterial flora of the vagina. These organisms may
then be introduced into the uterus, and there can infect
both mother and fetus.

In addition, since the membranes are not intact, a
closed vessel does not exist, and Pascal’s Law, which

states that the pressure measured at one location in a
closed vessel is the same at all points in that vessel, does

- not apply. As a result, the intra-uterine catheter mea-
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sures different pressures, depending upon where it is
located. Thus, the pressure measured by the intra-ute-
rine catheter can be considered as semi-quantitative at
best. Furthermore, this method cannot be used at all in
the case of placenta previa, wherein the placenta lies
across the opening of the cervix.

Also, at the present time, there is no known instru-
mental method, which is not invasive in nature, for
continuously measuring the extent of cervical dilation.
That 1s, some type of device must be introduced in-
travaginally to obtain the measurement, with the atten-
dant drawbacks referred to above.

Recognizing the above described drawbacks, medical
investigators have sought a method which would yield
data of greater value. Early attempts to record the elec-
trical activity of the smooth uterine muscle have been
recorded in the medical literature.

By example, L. V. Dill et al. describe, in an article
entitled ““The Electrical Potentials of the Human Uterus
in Labor”, Amer. J. Obstet. Gynecol.,, Vol. 52, 735
(1946), the observation that the contraction of the uter-
ine muscle during labor is accompanied by changes in
potential of low frequency and voltage.

C. M. Steer et al. describe, in an article entitled “Elec-
trical Activity of the Human Uterus in Labor”, Amer. J.
Obstet. Gynecol.,, Vol. §9, 25 (1950), various observa-
tions of electrical activity. recorded at points on the
abdominal wall. Early labor is said to be associated with
electrical activity at one of three usual points on the
abdominal wall. As labor advances, more leads become
active. These authors also note evidence suggesting a
propagation of electrical activity during early normal
labor.

Using internal electrodes to collect the signal, an
extensive set of experiments was performed in humans
by Wolfs et al. in 1979. Results of these experiments are
reported in “Electromyographic Observations on the
Human Uterus during Labour”, Acta Obstet. Gynecol.

Scand. Suppl. 90, (1979).

Because of the risks involved, and the availability of
suitable animal models, such as sheep, the use of internal
electrodes in human subjects has not been actively pur-
sued. Internal electrodes are still used extensively in
sheep, primarily to measure the frequency and duration
of electrical activity.

In U.S. Pat. No. 4,967,761 Nathanielsz teaches the use
of internal electrodes to differentiate true from false
labor by measuring and analyzing the frequency of the
electrical activity of the uterus.

In U.S. Pat. No. 4,256,118 Nagel teaches the use of
external electrodes to measure both the electrical activ-
ity of the uterus and the fetal heart rate. Nagel describes
a range of frequencies of 150 Hz to 250 Hz for the elec-
trical activity of the uterus. It is noted, however, that
this range of frequencies is typically associated with
intra-uterine measurements, whereas frequencies ob-
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tained with external electrodes are primarily in the
range of 0.05 Hz to 2 Hz.

In an article entitled “External Recording and Pro-
cessing of Fast Electrical Activity of the Uterus in
Human Parturition”, Med & Bio Eng & Comput, 22, §
585-91 (1984) J. Planes et al. describe the use of external
electrodes to monitor the electrical activity of the uter-
ine muscle during labor. Using an autoregression analy-
sis, Planes et al. characterize a contraction by six param-
eters. Planes et al. estimate a propagation velocity of the
contraction, but do not obtain any information concern-
ing the direction of propagation, stress on the uterine
musculature, or cervical dilation. Also, Planes et al. do
not suggest the use of this information for diagnostic
purposes.

For example, abnormal stress on any part of the uter-
ine muscle is known to produce a marked change in the
rate of progression of the electrical activity down the
uterus. Abnormal stress may be due to the presence of
scar tissue, such as that resulting from a previously 20
performed cesarean section. The detection and charac-
terization of a change in the rate of progression would
thus be a diagnostic determination of great value to the
practitioner.

It 1s thus one object of this invention to provide a
method, and apparatus for accomplishing the method,
whereby true labor is distinguished from false labor and
other pathological conditions, by measuring the rate
and direction of movement of the electrical activity of
the uterine muscle.

It 1s a further object of this invention to provide a
method, and apparatus for accomplishing the method,
for diagnosing the presence of undue stress on any part
of the uterine muscle by detecting abrupt changes in the
rate of movement of the electrical activity of the uterine
muscle.

It i1s a further object of this invention to provide a
method, and apparatus for accomplishing the method,
for diagnosing the onset of true labor by determining
the direction of movement and periodicity of the elec-
trical activity of the uterine muscle.

It 1s another object of this invention to provide a
method, and apparatus for accomplishing the method,
for utilizing a direct current offset of an electrical signal
to measure the extent of cervical dilation.

A still further object of the invention provides instru-
mentation for remotely monitoring a pregnant mammal
to aid 1n diagnosing: (a) true labor from false labor and
other pathological conditions, (b) the presence of undue
stress on any part of the uterine muscle, (c) the onset of 50
true labor, and/or (d) the extent of cervical dilation.

SUMMARY OF THE INVENTION

- The foregoing and other problems are overcome and
the objects of the invention are realized by methods and 55
apparatus utilizing an electromyographic detection of
electrical fields inherent in muscular activity for the
diagnosis of labor. The apparatus includes a system for
measuring the magnitude and direction of movement of
an electrical signal in the abdominal region, and for 60
processing the signal to indicate normal and abnormal
labor conditions, the onset of true labor, and also the
extent of cervical dilation.

The system senses electrical activity indicative of a
smooth muscle contraction, such as a uterine contrac- 65
tion, and correlates the electrical activity with a specific
external electrode. Using predetermined coordinates of
the electrode, and any or all other electrode(s) sensing
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the same contraction, the system of the invention deter-
mines and displays a contraction propagation vector
having a velocity and a direction.

More specifically, an envelope of the electrical activ-
ity of the uterine muscle is determined by an envelope
detector, and is displayed on a computer monitor, chart
recorder, or other appropriate display apparatus. The
envelope is processed so as to be related to an intra-ute-
rine pressure curve. As a result, the strength of a uterine
contraction is measured at a plurality of points. |

This invention teaches (a) the detection and display
of the envelope of the detected electrical activity, (b)
the calculation of the rate and direction of movement of
the electrical activity, and (c) the display of the results
of the calculation s0 as to provide diagnostic informa-
tion regarding a uterine contraction. Further in accor-
dance with the teaching of the invention, (d) a warning
indication s displayed if the results of the above calcula-
tion indicate an abnormal state.

This invention furthermore teaches (e) the detection
of electrical activity indicative of the onset of true labor
and (f) the display of an indication when the onset of
labor is detected.

This invention furthermore teaches (g) the detection
of a direct current offset of the electrical activity of the
uterine muscle, (h) the correlation of the direct current
offset with the degree of cervical dilation, and (1) the
display of a change in cervical dilation as a function of
time.

This invention furthermore teaches the remote moni-
toring of a pregnant mammal, in combination with
methods and apparatus for enabling a practitioner to
remotely make a diagnosis so as to distinguish (a) true
labor from false labor and other pathological condi-
tions, (b) to determine the presence of undue stress on
any part of the uterine muscle, (c) to detect the onset of
true labor, and/or (d) to determine the extent of cervi-

cal dilation.

BRIEF DESCRIPTION OF THE DRAWINGS

The above set forth and other features of the inven-
tion are made more apparent in the ensuing Detailed
Description of the Invention when read in conjunction
with the attached Drawings, wherein:

FIG. 1a is a block diagram of a labor diagnostic sys-
tem that 1s constructed and operated in accordance with
the invention;

FIG. 15 illustrates typical waveforms obtained at the
nodes A and B of FIG. 1a; -

FIG. 1c illustrates a first display (DISPLLAY1) of the

progression of a uterine contraction as detected by

three electrodes that are coupled to the system of FIG.
1a;

FIGS. 1d(a) and (b) illustrate a second display (DIS-
PLAY2) of a possible location of the electrodes and a
progression of a uterine contraction as detected by the
electrodes that are coupled to the system of FIG. 1a;

FIGS. 1le and 1f illustrate further examples of the
DISPLAY2 showing a possible location of the elec-
trodes and a progression of a uterine contraction;

FI1G. 2 1s a block circuit diagram of a first embodi-
ment of the apparatus according to the invention in
which circuitry 1s provided to detect and display uter-
ine activity at a plurality of points, and in which cir-
cuitry is provided to determine and display the rate and
direction of movement of such activity;

FIG. 3 is a block circuit diagram of a second embodi-
ment of the apparatus according to the invention, in
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which further circuitry is provided to determine and
display changes in a rate of movement of uterine activ-
ty;

FIG. 3a is a block circuit diagram of a third embodi-
ment of the apparatus according to the invention, in
which circuitry is provided to detect uterine activity at
a plurality of points, and in which circuitry is provided
to determine the rate and periodicity of such activity to
detect the onset of true labor;

FIG. 4a 1s a block circuit diagram of a fourth embodi-
ment of the apparatus according to the invention, in
which circuitry 1s provided to detect and display an
extent of cervical dilation; -

FI1G. 4b graphically illustrates the points at which the
embodiment of FIG. 4a samples an electrical signal that
is indicative of the extent of cervical dilation:

FIG. 5 1s an example of a display (DISPILAY3) of the
change in the rate of movement of uterine activity, as
detected by the embodiment of FIG. 2, to indicate a
normal or abnormal condition;

FIG. 6 1s an example of a display (DISPLAY4) of
cervical dilation, as detected by the embodiment of
FIG. 4;

FIG. 7a is a diagram of one possible electrode place-
ment configuration and of a possible coordinate system
associated with the electrode placement; |

FIG. 7b is a diagram of a second possible electrode
placement configuration;

FIG. 7c 1s a diagram of a third possible electrode
placement configuration;

FI1G. 7d illustrates a second exemplary electrode
placement coordinate system, specifically a Cartesian
coordinate system;

FIG. 815 a logic diagram of a method of inputting and
accepting the coordinates of the electrodes;

F1G. 8a 1s a logic diagram of a method for determin-
ing the nearest electrodes to each electrode, and the
maximum and minimum transit time of electrical activ-
ity from the first electrode to each of these nearest
electrodes:

FIG. 8b 1s a logic diagram of a method of inputting
“and accepting the coordinates of the electrodes used in
a standard electrode configuration;

FIG. 9 is a logic diagram of a method for operating an
Activity Detector processor of FIGS. 2, 3, and 4;

FIG. 10 is a logic diagram of a method for operating
& Vector Determination processor of FIGS. 2 and 3;

FI1G. 11 1s a logic diagram of a method for operating
a Rate of Change processor of FIG. 3;

FIG. 12 1s a logic diagram of a method for operating
a DC Offset processor of FIG. 4;

FIG. 13 illustrates a display monitor that simulta-
neously provides a plurality of displays of uterine con-
traction diagnostic information;

FIG. 14 is a logic diagram of a method for operating
a Labor Onset processor of FI1G. 3a;

FIG. 15 is a block diagram illustrating an embodi-
ment of the invention that provides for remotely moni-
toring a pregnant mammal over a communications link;

FIG. 16 is a block circuit diagram of a Labor Onset

Alarm; and

FIG. 17 1s a block circuit diagram of an embodiment
of a patient’s console that forms a portion of the cir-
cuitry shown in FIG. 16.
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DETAILED DESCRIPTION OF THE
INVENTION

As employed herein, the term “pregnant mammal” is
not intended to be limited to only a pregnant human
female, in that the methods and apparatus of this inven-
tion may be utilized by both medical and veterinary
practitioners.

Also as employed herein, the term “diagnostic infor-
mation’’ 1s intended to refer to data and/or signals (audi-
ble and/or visible) emanating from the apparatus of the
invention, the data and/or signals being the resuilt of the
processing by the apparatus, in accordance with the
methods of the invention, of the voltages detected by
suitable transducers, such as electrodes, that are at-
tached to a pregnant mammal. These voltages may be
detected and processed in close proximity to the preg-
nant mammal, or may be transmitted over a suitable
telemetry or communications link and processed re-
motely from the pregnant mammal. Furthermore, the
data and/or signals are presented to a practitioner in
such a manner so as to aid the practitioner in distin-
guishing true labor from false labor and other pathologi-
cal conditions. The data and/or signals are also pres-
ented to the practitioner in such a manner so as to aid
the practitioner in determining the presence of undue
stress on any part of the uterine muscle, the onset of true
labor, and the extent of cervical dilation.

FIG. 1a is a block diagram of a Labor Diagnostic
System (LDS) 10 that is constructed and operated in
accordance with the invention. The LDS 10 includes an
electrode interface 14 having inputs for recetving sig-
nals from a plurality of electrodes (E1-E(n)). The elec-
trode interface 14 includes a plurality of differential
amplifiers 14a (only one of which is shown in FIG. 1a),
each having an output feeding an associated Envelope
Detector (ED) 145. FIG. 1b illustrates typical wave-
forms obtained at the nodes A and B of FIG. 1a, and
shows the operation of the Envelope Detector 144 in
smoothing the amplified electrode signal.

The outputs of the Envelope Detectors 144 are cou-
pled to inputs of a Signal Processor 16. As seen in
FIGS. 2, 3, 3a, and 4, the Signal Processor 16 includes
logic and/or analog circuitry that provides an Activity
Detector processor 16a, a Vector Determination pro-
cessor 165, a Rate of Change processor 16¢ and, option-
ally, a DC Offset processor 164 or a Labor Onset pro-
cessor 16e. The operation of processors 16a-16¢ is de-
scribed in detail below.

Coupled to Signal Processor 16 are various input and
output (I/0) devices. These (I/0) devices may include
a video display monitor 18q, preferably having graphi-
cal capability, and a data entry device such as a key-
board 20. A strip chart recorder 185 may also be pro-

vided to supplement the display capabilities of the LDS
10 and to provide a permanent record of labor-related
data that is derived from a patient to which the elec-

trodes are affixed during use of the LDS 10.

It should be realized that the embodiment of FIG. 1a
is exemplary, and that the functionality of the LDS 10
may be embodiéd within a large number of suitable
hardware and/or software systems. By example, each of
the processors 16a-16e may be a separate microproces-
sor that executes a program for implementing the logic
flow diagrams shown in FIGS. 9, 10, 11, 12, and 14,
respectively. Additionally, the logic flow diagrams
shown in FIGS. 8, 84, and 856 may be implemented by
separate microprocessors. Alternately, a single process-
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ing device, such as one embodied within a personal
computer, may execute all of these functions. Further-
more, the electrode interface 14 may be provided as a
unit separate from the signal processor 16, or may be
incorporated within the signal processor 16 as a plug-in §
circuit board having appropniate electrode interface
circuitry or by some other method known to those
skilled in the art. It should further be noted that many
functions may be performed by analog circuitry, or by
a2 suitably programmed digital signal processor (DSP) 10
device. By example, the Envelope Detector 145 may be
embodied within a low pass filter comprised of analog
circuit components, or may be embodied in a software
routine, executed by a digital signal processor, that
receives a digitized representation of the waveform 15
appearing at the output of the amplifiers 14a. It should
thus be apparent that the teaching of this invention is
not to be construed to be limited to any one specific
assemblage of hardware and/or software components.

Referring now to FIG. 2 there is shown a block dia-
gram of a first embodiment of apparatus in which cir-
cuitry is provided to detect and display uterine activity
at a plurality of points, and in which circuitry is pro-
vided to determine and display the rate and direction of
movement of such activity. A plurality of the elec- 25
trodes, which may be EKG (or equivalent) electrodes,
are attached to a patient whose uterine contraction
activity 1s to be measured.

One suitable number of electrodes is four, two to
serve as measuring electrodes, one as a common refer-
ence electrode (RE), and one as a common ground
electrode (GE). For the case where three measunng
electrodes are employed, a preferred electrode place-
ment 1s shown in FIG. 7a, where E1, E2, and E3 are the
measuring electrodes, RE is the reference electrode,
and GE is the ground electrode. U is the patient’s umbil-
icus, which 1s employed as a reference point. The first
electrode, El, 1s positioned in the near vicinity of the
umbilicus. The second electrode, E2, is positioned on a
line extending from the umbilicus upward to the xiphoid
at a first distance (D1) from E1. The third electrode, E3,
is positioned on the downward extension of the above
mentioned line at a distance D2 from E1. The reference
electrode, RE, is positioned on a line passing through
the umbilicus, perpendicular to the above mentioned
line, at a distance D3 from E1. The ground electrode,
GE, 1s preferably positioned on the upper thigh. By
example, D1, D2 and D3 are each approximately 10
centimeters.

For the case where seven measuring electrodes are
employed, a preferred electrode placement is shown in
F1G. 7b, where E1-E7 are the measuring electrodes.

As seen in FIG. 7q, which shows the coordinates of
the generalized electrode, Eg, the electrodes may be
referenced to a polar coordinate system, with a dis- 55
tance, D, and an angle, €, using the umbilicus as the
origin. The distance, D, is measured from the umbilicus.
The angle, 0, is measured in a clockwise direction from
the line passing through the umbilicus and the xiphoid.
The electrodes, however, may be referenced to any two 60
dimensional coordinate system such as, for example, an
X,y coordinate system.

Prior to attaching the electrodes to the patient, the
practitioner may choose to utilize one of a number of
standard electrode configurations which have been 65
programmed into the LDS 10, or, if a user preferred
electrode configuration is frequently employed, to gen-
erate the data for the frequently used electrode configu-
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ration. In the latter case, following the logic flow dia-
gram shown 1n FIG. 85, at Block A, an operator inputs
a designator, for example, a number, to identify a partic-
ular user preferred coordinate system. At Block B an
operator inputs an electrode number, which is accepted
and stored by the Signal Processor 16. Blocks C and D
are then executed to input, accept, and store the Dis-
tance, D, and the Angle, 8, respectively. At Block E a
determination is made if a further electrode i1s to be
entered. If NO, control passes to Block F where the

electrode entry routine is terminated. If YES at Block
E, control returns to Block B to enter the next electrode
number.

After the standard electrode configuration has been
entered, the Signal Processor 16 performs operations
upon the coordinates in accordance with Blocks A
through F of FIG. 8q, as described in detail below.

In accordance with a further method, after position-
ing and attaching the electrodes the practiioner em-
ploys the keyboard 20 of FIG. 1a to input to the Signal
Processor 16 the electrode identifiers, the distances D,
and the corresponding angles 6, in accordance with the
logic diagram of FIG. 8. At Block A, an operator inputs

a value indicating if the electrode configuration is one

of the standard configurations. If YES at Block A, an
operator enters a value at Block G indicating which one
of the standard configurations is being used. The elec-
trode coordinates of the standard electrode configura-
tion, along with the results of the operations of Blocks
A through F of FIG. 84, are then retrieved from storage
and referenced in any further operations performed by
the Signal Processor 16. Control then passes to Block F
where the electrode entry routine is terminated. If NO
at Block A, at Block N the operator inputs a value
indicating the type of coordinate system being used. If a
polar coordinate system is being used, at Block B an
operator inputs an electrode number, which is accepted
and stored by the Signal Processor 16. Blocks C and D
are then executed to input, accept, and store the Dis-
tance D and the Angle 6, respectively. If an x,y coordi-
nate system is being used, such as the exemplary coordi-
nate system illustrated in FI1G. 74, at Block H an opera-
tor inputs an electrode number, which is accepted and
stored by the Signal Processor 16. Blocks I and J are
then executed to input, accept, and store the x and y
coordinates respectively. If another two dimensional
coordinate system is being used (OTHER), at Block K
an operator inputs an electrode number, which is ac-
cepted and stored by the Signal Processor 16. Blocks L
and M are then executed to input, accept, and store the
first and second coordinates, respectively. At Block E a
determination is made if a further electrode i1s to be
entered. If NO, control passes to Block F where the
electrode entry routine is terminated. If YES at Block
E, control returns to either Block B, H, or K to enter
the next electrode number.

After all of the electrode coordinates have been en-
tered, in accordance with the logic diagram of FIG. 8,
mathematical operations are performed upon these co-
ordinates in accordance with the logic diagram of FIG.
8a.

At Block G, the microprocessor determines the type
of coordinate system based on the value entered by the
operator in Block N of FIG. 8. If a polar coordinate
system is chosen, control passes to Block A.

In Block A, the angular coordinate 6 1s transformed
to 8. Let r;and 6; be the coordinates of ¢; (the it elec-
trode), measured as described previously. Then, trans-
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form the angular coordinate @ to 6; so that the angle is
measured from a horizontal x axis. The y axis is vertical
and is perpendicular to the x axis. The transformation of
6;=90—8,.

In Block B, the x and vy (x;, v;) coordinates of e; are
then calculated as:

X;i=rK0sd;
yi=1sind;

and the result of the calculation is stored.
The distance r;; between two electrodes e; and e;j is
then given by:

rj=[(xi—x)*+ (yi—y P}

In Block C, the symmetric matrix [R] whose compo-
nents are the distances rj, where r;=0 and r;=r;;, is
constructed and stored.

In Block D, the average interelectrode distance, dgyy,
18 determined. First, sort the matrix [R] into the vector
D. Let d;jbe an element of this vector. Starting from the
smallest distance, examine the value of the variable
delj=d;—d;_1, then calculate a running average of the
value of del, which is referred to as dels,,. When
del;> 3-delay, the average interelectrode distance is
given by

dag=(d1+ . .. +dj—1)/(—1).

In Block E, the nearest electrodes to a given electrode,
e;, are determined. First sort the distances rj. If dgy is
the average interelectrode spacing, then the nearest
electrodes are those electrodes which are within f-dgy,
of e;, where f is a factor in the range of 1 to 2, and
typically has a value of 1.5.

In Block F, the maximum and minimum times for
electrical activity to reach a given electrode are calcu-
lated and stored. Let V,;5x and Vi, be the maximum
and minimum observed propagation rates of electrical
activity. For an interelectrode spacing of r;;, the mini-
mum time for electrical activity to reach electrode j is
rij/Vmax. Conversely, the maximum time is 1;;/Vmin.
Typically, Vi is 0.7 cm/sec and V,,4x is 6 cm/sec.

Turning again to Block G of FIG. 84, if an x,y coordi-
nate system is chosen, control passes to Block C (with
the above given logic), and then to the remaining biocks
in the logic flow diagram. If another coordinate system
is chosen (OTHER), control passes to Block H, which
contains the appropriate logic for the transformation of
that coordinate system to an x,y coordinate system. The
result of that calculation is then stored. Control then
passes to Block C where the matrix [R] is calculated and
stored, and then to the remaining blocks in the logic
flow diagram.

Referring again to FIG. 2, the signals generated by
each of the measurement electrodes, for example E1
and E2, serve as the input to the associated amplifier
14¢a. Preferably, the amplifier 14¢ is a differential ampli-
fier having the following (typical) characteristics:

Input Impedance: > 10M ohms in parallel with 5 pF
High Pass 2nd order: 0.01 Hz cut off frequency Notch
- filter: 3 dB pass band of 1.6 Hz, minimum 40 dB attenua-
tion, at line frequency

Input: 5-300 microvolts

Noise: 1.3 microvolts peak to peak (maximum) over
bandwidth (0.01-200 Hz)
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Output: 100 mv minimum
CMRR: >80 dB at line frequency
Gain: 20,000
Band Width: 0.01-200 Hz.
The output of the amplifier 144 is input to the Enve-
lope Detector 145, which may be analog or digital, and
which functions to derive the envelope of the amplified
electrode signal as seen in the lower trace of FIG. 1b.
As was noted above, the Envelope Detector 145 may be
embodied in a low pass filter. The output of the Enve-
lope Detector 14b provides a first display (DIS-
PLAY1), and is input, via analog to digital conversion
circuitry and suitable video processing circuitry, to the
display monitor 18a. The output of the Envelope De-
tector 14a may also be provided to the strip chart re-
corder 18b. Other appropriate display means, known to
those skilled in the art, can also be employed.

FIG. 1c dlustrates an exemplary DISPLAY1 for the
case where three measurement electrodes (E1, E2, E3)
are provided. As can be seen, the envelope correspond-
ing to the initiation of a contraction at the fundus ap-
pears at T1, and at T2 the contraction arrives at elec-
trode E1 which is positioned near to the umbilicus. For
a normal contraction, E3 can be expected to record the
arrival of the contraction at time T3. However, if an
abnormal condition is present the contraction may be
recorded earlier (1'4) or later (T5).

The output of each Envelope Detector 144 is also
input to a corresponding Activity Detector processor
16a. The Activity Detector processor 16a detects elec-
trical activity by analyzing points on the slope of the
curve generated by the Envelope Detector 145, and
outputs a time (TIME) that such activity is detected,

and the number of the electrode (ELECTRODE #)
that detected the activity.

The logic flow diagram of FIG. 9 illustrates the oper-
ation of the Activity Detector processor 16a. At Block
A an internal measuring circuit is enabled to receive the
output from the Envelope Detector 145. At Block B a
determination is made if the output of the Envelope
Detector is greater than some multiple of an inherent
noise level. By example, one suitable multiple is three
times the level of the noise. If NO at Block B, control
returns to Block A to maintain the measuring circuitry
enabled. If YES at Block B the Activity Detector pro-
cessor 16a outputs the associated electrode number and
a time at which the output exceeded the multiple of the
noise level. At Block D the measuring circuitry is dis-
abled, and at Block E a determination is made if the
output of the Envelope Detector has dropped below the
multiple of the noise level. If NO at Block E, control
returns to Block D to maintain the measuring circuitry
disabled. If YES at Block E, control passes to Block A
to reenable the measuring circuitry so as to detect the
electrical signal resulting from the occurrence of a next
contraction at the associated electrode.

The output of two of the Activity Detector proces-
sors 16a is provided to the Vector Determination pro-
cessor 165, which is initially programmed with the iden-
tifiers and the coordinates of each of the electrodes
(FIG. 8). In general, if tmin<T <tmax (Where [tmin, tmax]
i1s the time interval in which electrical activity would be
expected to move between two electrodes (E; and E))
separated by a distance D), the Vector Determination
processor 166 determines V, the Contraction Vector.
The magnitude of the Contraction Vector is the rate of
progression of the electrical activity, and the direction
1§ the polar coordinate 6 of E; with respect to E..
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FIG. 10 is a logic flow diagram of the operation of
the Vector Determination processor 165. At Block A an
internal timer is reset. At Block B the output of one of
the Activity Detector processors 16a is received. At
Block C the pulse position is displayed (DISPLAY2,
FIG. 1d(a)) and at Block D the internal timer 1s started.
At Block E the electrode number received from the
Activity Detector processor 16a is correlated with the
position coordinates that were previously mnputted and
stored (FIG. 8). At Block F the identity of the electrode
or electrodes that are nearest to the currently identified
electrode is determined.

By example, and referring to FIG. 75, the electrodes
nearest to electrode E2 are electrodes E7, E1, and E3,
while the electrodes nearest to electrode E1 are the
electrodes E2-E7. By including and monitoring elec-
trodes above and below E1, the LDS 10 is enabled to
determine a propagation direction of a contraction in
any direction from E1. As is well known, in early labor
a contraction may originate at any point on the uterus,
and may propagate in any direction.

Returning to FIG. 10, at Block G, the distance to the
nearest electrode(s) is obtained from storage. At Block
H a maximum (tmax) and minimum (tm;y) time i1s deter-
‘mined for the contraction pulse to arrive at each of the
identified nearest electrodes, based on the distance de-
termination of Block G. At Block I a determination is
made if the elapsed time from the starting of the timer at
Block D is less than tmex. If NO, indicating that a time
equal to tmgex has expired, control returns to Block A.
Optionally, at Block 1, a warning indication may be
generated to indicate that the contraction did not arrive
at the j* electrode. This condition may or may not
indicate an abnormality, in that in the early stages of
labor a contraction may not propagate completely from
the fundus to the isthmus of the uterus. As such, it may
be desirable to enable the operation of Block I' only
during the later stages of labor. As will be made appar-
ent below, this determination may be made automati-
cally by the LDS 10 from, for example, the time be-
tween successive contractions and/or the output of the
cervical dilation processor 164.

If YES at Block I, a determination is made at Block J
if the contraction pulse has been received at the j*
electrode, as determined from the outputs of the associ-
ated Activity Detector processor(s) 16a. If NO, control
returns to Block A. If YES at Block J a determination is
made at Block J' if the elapsed time is greater than tp;n.
If YES at Block J' a calculation is made of the progres-
sion rate of the contraction between the electrode iden-
tified at Block B and the j* electrode. If NO at Block J’,
indicating that the electrical activity sensed at the j*
electrode is independent from that sensed by the elec-
trode identified in Block B, control returns to Block C.
The electrical activity is then treated as independent to
that sensed at the electrode identified in Block B. The
progression rate is determined by using the Time re-
ceived at Block B and the Time output by the j* Activ-
ity Detector processor 16a, and the distance r;between
the two electrodes. The calculation is performed as
follows: If electrical activity is sensed at electrode e; at
time t;, and if within t,4x, electrical activity is sensed at
electrode e;at time t;, and the distance between ¢;and ¢;
is rj, then the progression rate of the activity, pj;, is

Pii= r,'j/(tj—t,').

At Block L, a calculation is made of the direction of the
contraction propagation based on the stored values of 6
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for the identified electrodes. At Block M, the Vector
Determination processor, 165, displays, as DISPLAY2,
the calculated progression rate and direction of the
contraction.

As seen in FIG. 1d(a), the contraction propagation
vector V is shown for a contraction propagating from
E2 to E1. The direction is indicated by the arrow la-
belled V, and the rate is numerically shown as, by exam-
ple, 1.8 cm/sec. FIG. 14(b) shows the DISPLAY2 at a
later point in time and shows the continuation of the
contraction propagation vector from E1 to E3 at a rate
of 1.7 cm/sec.

FIG. 1e illustrates the DISPLAY2 for a case wherein
a constellation of significantly more than three measure-
ment electrodes are applied to the patient, and wherein
a contraction propagates in & normal fashion from the
fundus to the cervix. FIG. 1fillustrates the DISPLAY2
for the electrode configuration of FIG. 1e, but where
the uterine contraction propagates abnormally. This
abnormal propagation of the contraction may indicate a
pathological condition, and is of great benefit to the
practitioner observing the display monitor 18a.

A second embodiment of the LDS 10 is shown in
FIG. 3, wherein components that operate as in FIG. 2
are numbered accordingly. This embodiment illustrates
a third amplifier 14a, Envelope Detector 145, and Ac-
tivity Detector processor 16a for receiving and process-
ing the signal received from the third electrode E3 of
FIG. 7a. A second Vector Determination processor 165
receives inputs from the Activity Detection processors
16a for the electrodes E1 and E3. FIG. 3 further shows
a Rate of Change processor 16c which receives inputs
from the two Vector Determination processors 160,
specifically the magnitudes |V1| and | V2] of the con-
traction vectors sensed by two adjacent electrode paurs.
The Rate of Change processor 16¢ determines from
these inputs a difference |V2—V1|, and provides a
DISPLAY3, as shown in FIG. 8. If [V2—-V1|>]lim,
where lim is an acceptable change in the magnitude of
the contraction vector, a Warning signal is generated,
otherwise a Normal indication is displayed.

FIG. 11 is a logic flow diagram that illustrates the
operation of the Rate of Change (ROC) processor 16c.
At Block A an internal timer is reset. At Block B the
ROC processor 16¢ accepts a first contraction vector
from one of the Vector Determination processors 16b.
In response to the receipt of the first contraction vector
the internal timer is started (Block C). At Block D a
determination is made if an elapsed time is greater than
a predetermined maximum time. If YES, control returns
to Block A and the timer is reset. If NO, control passes
to Block E where a second contraction vector is re-
ceived from one of the Vector Determination proces-
sors 16b. The information received from the Vector
Determination processors 160 includes a starting elec-
trode number, an ending electrode number, and a rate at
which the contraction propagated between the starting
and ending electrodes. At Block F a determination is
made if the ending electrode number of the first ac-
cepted contraction vector equals the starting electrode
number of the second accepted contraction vector. If
NO a return is made to Block E to accept a further
contraction vector. If YES at Block F, a determination
is made at Block G if the rate of the first contraction
vector differs from the rate of the second contraction
vector by an amount greater than a predetermined hmut.
This determination is made by subtracting r; from r; and
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comparing the absolute value of the difference to the
predetermined limit. If NO at Block G, the ROC pro-
cessor 16¢ provides the Normal indication to DIS-
PLAY3 at Block H, and may optionally graphically
illustrate the difference between the two contraction
rates. If YES at Block G, contro! passes to Block 1
where the Normal indication is extinguished and where
the Warning indication is provided instead on the DIS-
PLLAY3. The Warning indication may be a visual indi-
cator, an audible indicator, or a combination of these
two. That 1s, if the propagation rates of two successive
contractions are found to differ by more than a prede-
termined limit, a pathological condition may exist. The
possibility of the existence of the pathological condition
is thus visually and/or audibly indicated to the practi-
tioner.

A further embodiment of the LDS 10 is illustrated in
FIG. 3a wherein components that operate as in FIG. 2
are numbered accordingly. This embodiment is specifi-
cally an apparatus for determining the onset of true
labor. This embodiment illustrates a third amplifier 14a,
Envelope Detector 14b, and Activity Detector proces-
sor 16a for receiving and processing the signal received
from the third electrode E3 of FIG. 7c. The outputs
from the three Activity Detector processors, 16a, are
input to a Labor Onset processor 16e. Specifically, the
Labor Onset processor, 16e, determines if the sensed
electrical activity is progressing from the uterine fundus
to the cervix, and is of a periodic nature. An output of
the Labor Onset processor 16¢ is provided as a DIS-
PLAY®6 for display on the monitor 184, as shown in
FIG. 13.

For the operation of this embodiment of the inven-
tton, the electrode configuration as shown in FIG. 7c is
used. Three electrodes, labeled Ei, E5, and E3, are em-
ployed. All three are oriented in the vertical direction,
with the top electrode being E;, the middie E, and the
bottom Eji. Preferentially, the electrodes are placed on
a line extending from the umbilicus to the xiphoid, how-
ever, they can be positioned in other orientations
known to those skilled in the art. The first electrode, E1,
may be positioned near the uterine fundus. The next two
electrodes may be positioned in such a manner that the
distance between E; and E; (D4) is the same as that
between E; and Ej3 (DS). By example, these distances
may be 5 cm. |

FIG. 14 is a logic flow diagram that illustrates the
operation of the Labor Onset (LO) processor 16e. At
Block A, an internal timer is initialized to zero. At
Block B, the LO processor 16e accepts the output of an
Activity Detector processor 16¢. The initial time, t;, is
stored. At Block C, the LO processor 16e determines if
the output is from the topmost electrode, E;. If NO at
Block C, control returns to Block A and the timer is
reset. If YES at Block C, at Block D, the LO processor
16e accepts the output of an Activity Detector proces-
sor 16a. At Block E. the LO processor 16¢ determines if
the output is from the middle electrode, E>. If NO at
Block E, control returns to Block A and the timer is
reset. IF YES at Block E, at Block F, the LO processor
16¢ accepts the output of an Activity Detector proces-
sor 16a. At Biock G, the LO processor 16e determines
if the output is from the bottom electrode, E3. If NO at
Block G, control returns to Block A and the timer is
reset. If YES at Block G, at Block H, the time which
was output by the Activity Detector in Block F is
stored by the LO processor 16e. If this is the first in-
stance of activity, the time is stored as to. If not, the time
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1s stored as t;. AT Block I, a determination is made if
this is the first instance of activity; i.e., tg>0 while
t1=0. If YES at Block I, at Block I the time interval
from the first to the last of the three outputs from the
Activity Detector processors 164 is compared to a max-
imum time limit, T gy The value of Tmay is a function
of the spacing between E; and E3, and is calculated as in
Block F of FIG. 8a. If NO at Block I', control returns
to Block A and the timer is reset. If YES at Block I’,
control returns to Block B to accept the next instance of
electrical activity. If NO at Block 1, indicating that this
is a second instance of electrical activity, at Block J' the
time interval from the first to the last of the three out-
puts from the Activity Detector processors 16a is com-
pared to a maximum time limit, Tmax. If NO at Block J',
control returns to Block A and and the timer is reset. If
YES at Block J', at Block J, a calculation is made of the
time interval, T}, between the two instances of electri-
cal activity. At Block K, a determination is made if the
two instances of electrical activity occurred within a
certamn percentage of each other, typically 10%. If NO
at Block K, indicating that the electrical activity is of a
random nature, control returns to Block A and the
timer 1s reset. If YES at Block K, at Block L a determi-
nation is made if the two episodes of electrical activity
occurred within a minimum time frame, for example 30
minutes. If YES at Block L, at Block M the LO proces-
sor 16¢ indicates the onset of labor by an appropriate
visible and/or audible warning. If NO at Block L, con-
trol returns to Block A and the timer is reset.

Furthermore, the embodiments of the invention
shown in FIGS. 3a, 7¢, and 14 can be combined to to
construct and operate, in accordance with a further
aspect of the invention, a Labor Onset Alarm (LOA) 8,
as shown in the block circuit diagram of FIG. 16.

The LLOA 8 includes three major sub-systems, specifi-
cally an electrode module 41, a patient’s console 44, and
a practitioner’s console 46. The electrode module 41
includes the electrodes that are attached to the patient,
such as by the configuration shown in FIG. 7¢, and the
electrode interface 14. The output of the electrode in-
terface 1s provided via a transmitter 30 over a communi-
cation link 32 to a receiver 34 that is contained within
the patient’s console 44.

The patient’s console 44 includes the receiver 34
having outputs coupled to a signal processor 16 which,
in turn, has an output coupled to an indicator or alarm
47. The receiver 34 also has outputs coupled to a patient
data storage module 36 which, in turn, has outputs cou-
pled to a transmitter 31.

In operation, the receiver 34 receives the data being
transmitted through the communication link 32, the
data being expressive of the progression of labor of the
pregnant mammal to which the electrodes are attached.
The acquired data is stored within the data storage
module 36.

Reference is now made to FIG. 14. If YES at Block
L, indicating that the LO processor 16¢ which forms a
part of the signal processor 16 of the patient’s console 44
has detected the onset of true labor, then the alarm 47 is
activated to notify the patient. In response, the patient
activates the transmitter 31 to transmit the data stored
within the data storage module 36 over a communica-
tion link 33, such as a conventional phone line 42, to the
practitioner’s console 46.

The practitioner’s console 46 includes a receiver 35
having outputs coupled to a data storage module 38 that
provides temporary or permanent storage of the elec-
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trode data. Outputs of the data storage module 38 are
provided to the signal processor 16 which operates as
previously described. The Display 18z provides visual
indications of the progression of the patient’s labor to
the practitioner.

After the data is received and stored in the data stor-
age module 38 it 1s replayed into the signal processor 16,
which processes the recalled data as described above
and displays the results. The practitioner can then ana-
lyze the results to diagnose if true labor has begun. The

practitioner is enabled to replay all of the recorded data
or only certain selected segments thereof.

If the patient is being monitored by the LOA 8 within
a hospital environment, then the patient’s. console 44
can be omitted and the data transmitted, via the commu-
nication link 32, directly to the practitioner’s console 46
for analysis.

FIG. 17 illustrates a further embodiment of a patient’s
console 45. This embodiment includes, in addition to the
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alarm 47, an automatic dialing system (ADS) 40. In 20

response to the LO processor 16e detecting the onset of
true labor, the alarm 47 is activated and the ADS 40
automatically establishes communications between the
data storage module 36 and the practitioner’s console
46. Upon establishment of communications through the
communication link 33, the ADS 40 triggers the data
storage module 36 to replay the stored electrode data,
via transmitter 31, telephone interface 42, and commu-
nication link 33, to the receiver 3§ of the practitioner’s
console 46.

The data storage modules 36 and 38 are embodied
within any suitable storage systems for stonng a digital
or an analog representation of the electrode data. By
example, the patient’s console 44 data storage module
36 has a storage capacity suitable for storing up to six
hours of continuously or intermittently sampled elec-
trode data. The practitioner’s console 46 may have a
significantly larger storage capacity for storing multiple
transmissions from a single or multiple patient consoles
4.

A further embodiment of the LLDS 10 is illustrated in
FIG. 4aq, specifically an apparatus for determining an
extent of cervical dilation. This embodiment exploits a
realization by the inventor that the extent of cervical
dilation may be correlated with a detectable electrical
signal and, more specifically, with a DC offset of the
electrical signal, and that this information may be dis-
played in a meaningful way. As cervical dilation 1n-
creases during the progress of labor, the DC offset
increases correspondingly.

This embodiment of the invention includes an Enve-
lope Detector 146 and an Activity Detector processor
16a’. The Activity Detector processor operates simi-
larly to the Activity Detector processors 14g as in the
embodiments of FIGS. 2 and 3. However, the Activity
Detector processor 16a’ is employed to determine when
a contraction is not in progress, and it is during this time
that the DC offset signal is sampled, as seen in FIG. 4b.

The embodiment of FI1G. 4g also includes an ampli-
fier 144’ having characteristics similar to those of the
amplifiers 14a of FIGS. 2 and 3, except that the output
is DC coupled to the input. The output of the DC cou-
pled amplifier 144’ is split into two paths. The first path
is coupled to the Envelope Detector 145. The second
path is coupled to a DC Offset processor 16d which
determines a DC offset of a signal obtained from an
electrode E(n) when electrical activity, indicative of a
contraction, is not being sensed. Preferably, E(n) 1s
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externally affixed to the patient s0 as to overlie the
cervix. The action of the DC Offset processor 164 1s
controlled by the output of the Activity Detector pro-
cessor 16a. An output of the DC Offset processor 164
provides the DISPLAY4, as shown in FIG. 6.

In FIG. 6, the extent of cervical dilation can be seen
to increase at a first rate during a period referred to as
Phase I of labor. Phase I may last for some indetermu-
nate period of time from several minutes to several tens
of hours. The onset of Phase 1l of labor is indicated by
an increase in the rate of cervical dilation, the extent of
dilation increasing up to some maximum point at which
the patient is fully dilated. As such, the information
conveyed by DISPLAY#4 is also of great use to the
practitioner in monitoring the progress of the patient’s
labor.

FIG. 12, intended to be read in conjunction with
FIG. 4b, is a logic flow diagram that illustrates the
operation of the DC Offset processor 164, in coopera-
tion with the Activity Detector processor 16a, of FIG.
4a. At Block A an output #1 (O)) is obtained from the
DC coupled amplifier 14a’. A delay timer is reset at
Block B and O; is stored at Block C. At Block D the
delay timer is tested for a timeout condition. The delay
timer value may be set to timeout, by example, once per
minute. That is, because of the relatively slow rate of
change of the cervical dilation, it is typically not neces-
sary to sample the electrode E(n) at a rate of less than
once per minute. The timeout value may be changed
when Phase II of labor is entered, so as to sample the
extent of cervical dilation more frequently.

At Block E a second output (O32) of the DC coupled
amplifier 142’ is obtained. At Block F a determination 1s
made, by the Activity Detector processor 164, if the
absolute value of O;—0j is greater than some multiple,
such as three, of the noise signal. If YES, it is indicated
that a contraction is in progress and control returns to
Block A. That is, the readings are discarded in that the
DC offset is measured between contractions, and not
during a contraction. If NO, the DISPLAY4 is updated
at Block G by plotting the values of Oj and O3, with O
and O; indicating the DC offset voltage at two points in
time and, hence, the degree of cervical dilation. Control
then returns to Block A.

FIG. 13 illustrates an exemplary arrangement for the
display screen of the display monitor 182 and shows a

‘unified presentation of labor diagnostic information that

is obtained by the LDS 10. If desired, a DISPLAYS
may be presented for showing information relating to
the patient that is being monitored by the LDS 10. For
example, when initially connecting the L.LDS 10 to the
patient the practitioner may mput the patient’s name,
patient number, physician’s name, and any other rele-
vant personal or medical information through the key-
board 20. This other information is then displayed, in
conjunction with the DISPLAYS1-4 and 6, 30 as to
provide the practitioner with detailed information re-
garding the patient and the progress of the patient’s
labor. In practice all, or only some, of the various DIS-
PLAYS shown in FIG. 13 may be employed.
Although described above in the context of elec-
trodes that are affixed to the patient in a predetermined
pattern so as to best detect and monitor the progression
of the uterine contraction, it should be realized that one
or more other electrodes may be affixed at other posi-
tions. For example, for a case wherein the practitioner is
aware that the placenta is implanted on the ventral wall
of the uterus, as opposed to the dorsal wall, one or more
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electrodes may be affixed to the abdomen to overlie the
placenta. In that the existence of contractions at that
part of the uterus to which the placenta is attached may
cause the placenta to become prematurely detached
from the uterine wall, the electrical activity at these
other electrode(s) is monitored and displayed so as to

detect he existence of such contractions. For example, if

a Vector Determination processor 165 indicates a con-
- traction that propagates to an electrode that overlies the
- placenta, a Warning indication may be generated.

In summary, utilizing the LDS 10 as described above
it 1s possible to measure the rate and direction of move-
ment of the electrical activity of the uterine muscle. It
thus becomes possible to distinguish true from false
labor, in that true labor contractions always proceed
from the fundus to the cervix. It also becomes possible
to diagnose pathological labor conditions, wherein the
movement of the electrical activity is unsynchronized
or of the wrong direction.

Furthermore, in that it is known that undue stress on
any part of the uterine muscle will produce abrupt
changes in the rate of movement of the electrical activ-
ity of the uterine muscle in the region of the stress, it
becomes possible for practitioners treating patients with
previous cesarean sections to attempt normal deliveries
without the fear of unexpected uterine rupture due to
abnormal stress on the previous surgical scar, since any
such stress is made readily apparent by the LDS 10.

Also, in that the direct current offset of the electrical
activity of the uterine muscle can be related to the ex-
tent of cervical dilation, it therefore becomes possible to
display the extent of cervical dilation on a continuous
basis, without the use of any invasive procedure, and
without much discomfort to the patient.

It should be realized that a number of modifications
to the disclosed embodiments may be made while still
obtaining the same or a similar results. For example,
various ones of the components shown in FIGS. 2, 3
and 3a may be combined through the use of multiplex-
ers and the like. For example, in FIG. 3 a single ampli-
fier 14 may be provided having an input coupled
through an analog multiplexer to the outputs of elec-
trodes E1, E2, and E3. A similar multiplexer is then
provided at the output of the single amplifier for direct-
ing the signal received from an electrode E;to a corre-
sponding one of the Envelope Detectors ED;. Also by
example, certain of the steps shown in the logic flow
diagrams may be executed in other than the order
shown. For example, in FIG. 10 Blocks C and D may be
interchanged, as may Blocks K and L, while still obtain-
ing the same result.

It should also be realized that the connection between
the electrodes and the LDS 10 need not be through
physical wiring, and that a suitable transmitter and re-
ceiver arrangement can be employed. This enables the
remote monitoring of the patient via telemetry, as previ-
ously described with respect to FIGS. 16 and 17, to
detect the onset and/or progression of labor, including

the extent of cervical dilation and/or the presence of

excessive stress on a part of the uterine muscle, without
requiring that the patient be located in close physical
proximity to the LDS 10. Suitable communications or
telemetry links include, but are not limited to, modu-
lated RF links and/or the transmission of a digital repre-
sentation of the electrode signals over a telephone line.

By example, and as is seen in FIG. 185, the electrodes
may have a wired or a wireless connection with the
electrode interface 14, which is disposed in proximity to
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the patient, and the output of the electrode interface 14
1s provided via a transmitter 30, over a communication
link 32, to a receiver 34, that is coupled to an input of
the signal processor 16.

It should be further noted that the L.DS 10 need not
be dedicated to monitoring the labor of only a single
patient. That is, suitable multiplexing techniques may be
employed so as to provide a single signal processor, 16,
that simultaneously receives inputs from, processes, and
provides separate displays for a plurality of patients.

Thus, it will be understood that the above description
of the present invention is amenable to various modifi-
cations, changes, and adaptations, and that these varia-
tions are intended to be comprehended within the
meaning and range of equivalents of the appended
claims. Thus, while the invention has been particularly
shown and described with respect to several embodi-
ments thereof, it will be understood by those skilled in
the art that changes in form and details may be made
therein without departing from the scope and spirit of
the invention.

What is claimed i1s:

1. Apparatus for use in diagnosing labor in a pregnant
mammal, comprising:

means for detecting electrical fields inherent in mus-

cular activity associated with labor;

means, responsive to the detected electrical fields

resulting from a uterine contraction, for determin-
ing at each of a plurality of superficial abdominal
regions a rate and a direction of movement of mus-
cular activity; and

means for displaying information expressive of the

determined rate and direction of muscular activity
determined from the plurality of superficial abdom-
inal regions to provide diagnostic information re-
garding the uterine contraction.

2. Apparatus as set forth in claim 1 and further includ-
ing means for providing an indication if the rate and the
direction of the movement of muscular activity is out-

side of a predetermined range of rate and direction of
movement.

3. Apparatus as set forth in claim 1 wherein said de-
tecting means includes:

means having inputs for coupling to a set of elec-

trodes, the set of electrodes being affixed externally
to a pregnant mammal; and

means for processing electrical activity detected by a

plurality of the electrodes of the set of electrodes so
as to provide an electrical signal, for each of the
plurality of electrodes, that is representative of the
electrical activity detected by each of the plurality
of electrodes.

4. Apparatus as set forth in claim 3 and further includ-
ing means, responsive to the electrical signal, for indi-
cating at an output thereof an occurrence of an arrival
of a uterine contraction at a location that corresponds to
a location of an electrode that measures the electrical
signal. |

S. Apparatus as set forth in claim 4 wherein said indi-
cating means includes means for providing an output
signal, the output signal including information for iden-
tifying the electrode and information for identifying a
time at which a contraction arrived at the electrode.

6. Apparatus as set forth in claim 4 wherein said de-
termining means includes means, having inputs coupled
to the output of at least two of said indicating means, for
determining and outputting a uterine contraction vec-
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tor, the uterine contraction vector having a propagation
rate component and a direction component.

7. Apparatus as set forth in claim 6 wherein said dis-
playing means displays a representation of the deter-
mined uterine contraction vector.

8. Apparatus as set forth in claim 6 and further includ-
ing means, having inputs coupled to said utenine con-
traction vector determining means, for comparing suc-
cessively determined uterine contraction vectors to
determine if the propagation rate components of two
successively determined uterine contraction vectors
differ from one another by more than a predetermined
amount.

9. Apparatus as set forth in claim 8 wherein said com-
paring means includes means for indicating if the propa-
~ gation rate components of two successively determined
uterine contraction vectors differ from one another by
more than the predetermined amount.

10. Apparatus as set forth in claim 3 and further com-
prising means for inputting and for storing information
that specifies the positions of electrodes with respect to
a coordinate system.

11. Apparatus as set forth in claim 10 wherein the
positions of said plurality of electrodes are referenced to
a polar coordinate system having an origin, and wherein
said means for inputting and for storing, inputs and
stores the distance of each of said electrodes from the
origin, and the angular displacement of each of sad
electrodes from a reference axis.

12. Apparatus as set forth in claim 11 wherein the
origin is referenced to the umbilicus, and wherein the
reference axis is referenced to a line that runs between
the umbilicus and the xiphoid.

13. Apparatus as set forth in claim 1 and further 1n-
cluding means, responsive to the detected electrical
fields, for determining a condition indicative of an onset
of labor.

14. Apparatus for use in diagnosing labor 1n a preg-
nant mammal, comprising:

means for detecting electrical fields inherent in mus-

cular activity associated with labor;

means, responsive to the detected electrical fields, for

determining a rate and a direction of movement of
muscular activity;
means for displaying information expressive of the
determined rate and direction of muscular activity
to provide diagnostic information regarding a uter-
ine contraction; and |

means, responsive to the detected electncal fields, for
determining and displaying an extent of cervical
dilation.

15. Apparatus as set forth in claim 14 wherein said
cervical dilation determining means includes means for
‘measuring a magnitude of a DC offset of an electrical
signal derived from an electrode that is externally af-
fixed to the pregnant mammal, and wherein said means
for displaying an extent of said cervical dilation is re-
sponsive to said measured magnitude of the DC offset

for displaying same as a representation of the extent of 60

the cervical dilation.
16. Apparatus for use in diagnosing labor in a preg-
nant mammal, comprising:
means for detecting electrical fields inherent 1n mus-
cular activity associated with labor; and
means, responsive to the detected electrical fields, for
determining and displaying an extent of cervical
dilation.

10

15

20

25

30

33

45

33

65

20

17. Apparatus as set forth in claim 16 wherein said
cervical dilation determining means includes means for
measuring a magnitude of a DC offset of an electncal
signal derived from an electrode that is externally af-
fixed to the pregnant mammal, and wherein said means
for displaying an extent of said cervical dilation is re-
sponsive to said measured magnitude of the DC offset
for displaying same as a representation of the extent of
the cervical dilation.

18. Apparatus as set forth in claim 16 and further
including: |

means, responsive to the detected electrical fields, for

determining a rate and a direction of movement of
muscular activity; and

means for displaying information expressive of the

determined rate and direction of muscular activity
to provide diagnostic information regarding a uter-
ine contraction.

19. Apparatus as set forth in claim 18 wherein said
rate and direction determining means includes means
for determining and displaying a uterine contraction
vector, the uterine contraction vector having a propa-
gation rate component and a direction component.

20. Apparatus as set forth in claim 19 and further
including means, having inputs coupled to said uterine
contraction vector determining means, for comparing
successively determined uterine contraction vectors to
determine if the propagation rate component of two
successively determined uterine contraction vectors
differ from one another by more than a predetermined
amount, said comparing means including means for
indicating if the propagation rate component of two
successively determined uterine contraction vectors
differ from one another by more than the predetermined
amount.

21. A method for use in diagnosing labor in a preg-
nant mammal, comprising the steps of:

detecting electrical fields inherent in muscular activ-

ity associated with labor;

responsive to the detected electrical fields resulting

from a uterine contraction,

determining at each of a plurality of superficial ab-

dominal regions a rate and a direction of movement
of muscular activity;

and

displaying information expressive of the determined

rate and direction of muscular activity to provide
diagnostic information regarding the uterine con-
traction.

22. A method as set forth in claim 21 and further
including a step of providing an indication if the rate
and the direction of the movement of muscular activity
indicates an abnormality.

23. A method as set forth in claim 21 wherein the step
of detecting includes the initial steps of:

inputting and storing positional information that

specifies the positions of a plurality of electrodes
that are externally affixed to the pregnant mammal,
the plurality of electrodes being referenced to a
predetermined coordinate system.

24. A method as set forth in claim 23 wherein the
predetermined coordinate system is a polar coordinate
system, and wherein the step of inputting and storing
inputs stores a distance of each of the electrodes from
the origin, and also inputs and stores an angular dis-
placement of each of the electrodes from a reference
axis.
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25. A method as set forth in claim 24 wherein the
origin 1s referenced to the umbilicus, and wherein the
reference axis 1s referenced to a line that runs between
the umbilicus and the xiphoid.

26. A method as set forth in claim 21 wherein the step
of determining the rate and direction of muscular activ-
ity determines and displays a uterine contraction vector,
the uterine contraction vector having a propagation
rate component and a direction component.

27. A method as set forth in claim 26, wherein the
step of determining a uterine contraction vector in-
cludes the steps of:

detecting electrical activity associated with an arrival

of a utenine contraction at a position associated
with a first electrode that is externally affixed to
the pregnant mammal;
identifying the position of at least one other electrode
that is externally affixed to the pregnant mammal;

determining a maximum transit time for a uterine
contraction to propagate from the first electrode to
the at least one other electrode;
monitoring the at least one other electrode for a per-
iod of time at least equal to the determined maxi-
mum transit time to detect electrical activity asso-
ciated with the arrival of the propagating uterine
contraction; and
determining the uterine contraction vector having
the propagation rate component and the direction
component in response to the arrival of the propa-
gating uterine contraction at a second one of the
other electrodes, wherein the propagation rate
component is a function of the distance between
the first electrode and the second electrode, and
also a function of the transit time of the propagat-
Ing uterine

contraction between the first and second electrodes,
and wherein the direction component is indicative
of the direction of a line between the first electrode
and the second electrode.

28. A method as set forth in claim 21 wherein the step
of determining the rate and direction of muscular activ-
ity determines a uterine contraction vector, and further
comprising the steps of:

comparing successively determined uterine contrac-

tion vectors to determine if a propagation rate
component of two successively determined uterine
contraction vectors differ from one another by
more than a predetermined amount; and generating
an indication if the propagation rate component of
two successtvely determined uterine contraction
vectors differ from one another by more than the
predetermined amount.

29. A method as set forth in claim 21 and further
including a step of detecting an onset of labor in re-
sponse to the detected electrical fields.

30. A method as set forth in claim 21 wherein the step
of detecting includes a step of transmitting measure-
ments from a plurality of measurement electrodes that
are affixed to the pregnant mammal.

31. A method as set forth in claim 30 wherein the step
of transmitting includes an initial step of digitizing the
measurements prior t0 transmission.

32. A method for use in diagnosing labor in a preg-
nant mammal, comprising the steps of:

detecting electrical fields inherent in muscular activ-

ity associated with labor;
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determining a rate and a direction of movement of
muscular activity in response to the detected elec-
trical fields;

displaying information expressive of the determined

rate and direction of muscular activity to provide
diagnostic information regarding a uterine contrac-
tion; and

determining and displaying an extent of cervical dila-

tion, the step of determining the extent of cervical
dilation being accomplished in response to the de-
tected electrical fields.

33. A method as set forth in claim 32 wherein the step
of determining the extent of cervical dilation includes a
step of determining a magnitude of a DC offset of an
electrical signal derived from an electrode that is exter-
nally affixed to the pregnant mammal, and wherein the
step of displaying an extent of the cervical dilation in-
cludes a step of displaying the determined magnitude of
the DC offset as a representation of the extent of the
cervical dilation.

34. Apparatus for use in diagnosing labor in a preg-

nant mammal comprising:

means for detecting electrical fields inherent in mus-
cular activity associated with labor;

means, responsive to the detected electrical fields
resulting from a uterine contraction, for determin-
ing at each of a plurality of superficial abdominal
regions a rate and direction of movement of the
electrical fields; and

means, responsive to the determined rate and direc-
tion of movement at each of the plurality of super-
ficial abdominal regions, for providing an indica-
tion of an onset of true labor.

35. Apparatus for use 1n diagnosing labor in a preg-

nant mammal, comprising:

means for detecting electrical fields inherent in mus-
cular activity associated with labor;

means, responsive to the detected electrical fields
resulting from a uterine contraction, for determin-

ing at each of a plurality of superficial abdominal

regions a rate and direction of movement of the
electrical fields; and

means, responsive to the determined rate and direc-
tion of movement at each of the plurality of super-
ficial abdominal regions, for distinguishing true
labor from false labor.

36. Apparatus for use in diagnosing labor in a preg-

nant mammal, comprising:

means for detecting electrical fields inherent in uter-
ine muscular activity associated with labor;

means, responsive to the detected electrical fields
resulting from a uterine contraction, for determin-
ing at each of a plurality of superficial abdominal
regions a change in a rate and a direction of move-
ment of the electrical fields; and

means, responsive to the determined change in the
rate and direction of movement at each of the plu-
rality of superficial abdominal regions, for provid-
ing an indication of a possibie occurrence of exces-
sive stress being exerted upon a portion of the uter-
ine muscle.

37. Apparatus for assisting a practitioner in diagnos-

ing labor in a pregnant mammal, comprising:

means for detecting electrical fields inherent in mus-
cular activity associated with labor, said detecting
means being operable for detecting electrical fields
that propagate between a plurality of superficial
abdominal regions;
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means for transmitting information over a communi-
cations link, the transmitted information including
information that is expressive of the detected elec-
trical fields: |

means for receiving the transmitted information; and

means, responsive to the received information, for

providing diagnostic information concerning the
labor of the pregnant mammal, said providing
means including,

means, responsive to the detected electnical fields, for

determining for each of the plurality of superficial
abdominal regions a rate and a direction of move-
ment of muscular activity; and

means for displaying information expressive of the

determined rate and direction of muscular activity
determined for the plurality of superficial abdomi-
nal regions.

38. Apparatus as set forth in claim 37 and further
including means, having an input coupled to an output
of said detecting means and an output coupled to an
input of said transmitting means, for storing the infor-
mation prior to the transmission thereof.

39. Apparatus as set forth in claim 37 and further
including means, having an input coupled to an output
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of said detecting means, for identifying a probable onset
of true labor.

40. Apparatus as set forth in claim 37 and further
including:

means, having an input coupled to an output of said

detecting means and an output coupled to an input
of said transmitting means, for storing the informa-
tion prior to the transmission thereof; and means,
having an input coupled to an output of said detect-
ing means, for identifying a probable onset of true
labor and, responsive to the identification of the
probable onset of true labor, for activating said
transmitting means to transmit the information
stored within said storing means.

41. Apparatus as set forth in claim 37 and further
including means, having an input coupled to an output
of said receiving means, for storing the received infor-
mation.

42. Apparatus as set forth in claim 37 wherein the
transmitted information is expressive of a labor-
associated condition that is selected from the group that
includes at least one of (a) a differentiation of true labor
from false Jabor and other pathological conditions, (b) a
presence of undue stress on a part of the uterine muscle,
(c) an onset of true labor, and (d) an extent of cervical

dilation.
¥ ¥ ¥ % %
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